Traumatic injury to the CNS results in chronic partial deafferentation of subsets of surviving neurons. Such injuries are often followed by a delayed but long-lasting period of aberrant hyperexcitability. The cellular mechanisms underlying this delayed hyperexcitability are poorly understood. We developed an in vitro model of deafferentation and reactive hyperexcitability using organotypic hippocampal slice cultures to study the underlying cellular mechanisms. One week after transection of the Schaffer collateral and temporoammonic afferents to CA1 neurons, brief tetanic stimulation of the residual excitatory synapses produced abnormally prolonged depolarizations, compared with responses in normally innervated neurons. Responses to weak stimulation, in contrast, were unaffected after deafferentation. Direct stimulation of distal apical dendrites using focal photolysis of caged glutamate triggered abnormally prolonged plateau potentials in the deafferented neurons when strong stimulation was given, but responses to weak stimulation were not different from controls. An identical phenotype was produced by chronic "chemical deafferentation" with glutamate receptor antagonists. Responses to strong synaptic and photolytic stimulation were selectively prolonged by small-conductance (SK-type) calcium-activated potassium channel blockers in normally innervated cells but not after deafferentation. No significant changes in SK2 mRNA or protein levels, GABAergic inhibition, glutamate receptor function, input resistance, or action potential parameters were observed after chronic deafferentation. We suggest that a posttranslational downregulation of SK channel function in thin distal dendrites is a significant contributor to deafferentation-induced reactive hyperexcitability.
Introduction
A remarkable characteristic of the CNS is its capacity to change its behavior in response to differing inputs and experiences (Turrigiano, 1999 ). An important but incompletely understood aspect of neural plasticity is the response of the CNS to injury. Injury to the brain frequently results in aberrant excitability, including posttraumatic epilepsy, central pain syndrome, and spasticity. Interestingly, the hyperexcitability only becomes apparent with a delay after injury, at about the same time as the first evidence of recovery. Aberrant reactive hyperexcitability may therefore share some of the same mechanisms that are recruited for CNS repair and homeostasis. A better understanding of reactive hyperexcitability should provide insights into the management of hyperexcitable neurological disorders, as well as fundamental mechanisms of CNS homeostasis.
One elemental aspect of brain injury is the chronic partial deafferentation of surviving neurons caused by the severing of fiber tracts and/or the death of subpopulations of neurons sending afferent projections. The mechanism by which chronic partial deafferentation contributes to reactive hyperexcitability is not known. Potential mechanisms of acquired hyperexcitability after injury include perturbations of the neuronal network and alterations of intrinsic neuronal excitability (Prince, 1978) . The former encompass alterations in the way neurons are connected and how they interact with one another, without a change in the excitability of the individual neurons. Examples include the aberrant axonal and synaptic reorganization of dentate granule cell mossy fibers (Tauck and Nadler, 1985; Sutula et al., 1989) or CA3 pyramidal cells (McKinney et al., 1997) in epileptogenesis. A failure of synaptic inhibition is another example of a network change favoring epileptogenesis (Sloviter, 1991) .
Acquired hyperexcitability may also arise from changes in the intrinsic excitability of individual neurons. Examples of these mechanisms include injury-induced increases in neuronal input resistance (Prince and Tseng, 1993) , homeostatic upregulation of glutamate receptor expression (Turrigiano et al., 1998) , homeo-static upregulation of sodium and calcium channels (Desai et al., 1999) , and activity-dependent regulation of potassium channels (Frick et al., 2004) or hyperpolarization-activated cation (h-type) channels (Chen et al., 2001; Shah et al., 2004; Fan et al., 2005) .
Determining the locus for the expression of changes in intrinsic excitability is a difficult challenge. Changes in intrinsic excitability of neurons after subcortical white matter transections (Prince and Tseng, 1993) or prolonged application of TTX (Desai et al., 1999) affect the triggering of action potentials by somatic current injection, suggesting that the locus is close to the soma and axon hillock, where action potentials are normally initiated. There is increasing recognition, however, that the dendrite can also be a locus for plasticity of intrinsic excitability (Frick and Johnston, 2005; Magee and Johnston, 2005) . Recent demonstrations of seizure-induced regulation of h-type channels (Chen et al., 2001; Shah et al., 2004) , which are most highly expressed in thin distal dendrites in pyramidal neurons (Lorincz et al., 2002) , shows that these difficult-to-study dendrites are capable of plasticity involving voltage-gated channels. In the present study, we performed experiments to examine changes in the intrinsic excitability of the distal dendrites of CA1 cells after chronic partial deafferentation.
Materials and Methods
Electrophysiological recording. Hippocampal slice cultures were prepared from 5-to 7-d-old rat pups using the roller tube technique (Gähwiler et al., 1998) , following a protocol approved by the University of Maryland School of Medicine Institutional Animal Care and Use Committee. In brief, the hippocampus was dissected free and cut into 400-m-thick slices on a tissue chopper. Slices were attached to glass coverslips in a film of clotted chicken plasma supplemented with fibrin. The coverslips were then maintained in sealed test tubes containing semisynthetic medium, which were placed on a roller drum in an incubator. Whole-cell recordings were made from CA1 pyramidal cells maintained in vitro for Ͼ14 d. At this point, axonal growth has ceased, dendritic spines have achieved a stable density and shape distribution, and there is no evidence of hyperexcitability in our experience (McKinney et al., 1997 (McKinney et al., , 1999 . Pipettes contained (in mM) 135 K-methanesulfate, 10 HEPES, 10 NaCl, 1 MgCl 2 , 0.1 K 4 BAPTA, 0.01 CaCl 2 , 2 Mg 2ϩ -ATP, and phosphocreatine 10, adjusted to pH 7.3 with KOH. BAPTA and CaCl 2 were not included in the pipette solution in the Ca 2ϩ imaging experiments. In all experiments involving synaptic stimulation (see Figs. 1, 3, 5) , KF was substituted for K-methanesulfate in the pipette solution to block GABA A receptors in the recorded cell (Smirnov et al., 1999) , while leaving inhibition elsewhere in the network intact. The stimulation intensity was set near threshold so that all stimuli evoked small (Ͻ5 mV) EPSPs of consistent amplitude, with almost no failures. In our previous work, this weak stimulation was necessary to ensure stimulation of synapses onto single dendritic branches (Cai et al., 2004) . The extracellular saline contained (in mM) 145 NaCl, 3 KCl, 10 HEPES, 2 CaCl 2 , 1 MgCl 2 , 10 glucose, 0.1 glycine, and 0.25-0.5 Trolox, (to reduce photooxidative damage) adjusted to pH 7.4. TTX (1 M) was used in experiments involving glutamate photolysis, with the exception of those described in Figure 7 . All experiments were performed at room temperature. Fluo3 was used as the calcium indicator because it undergoes a large increase in fluorescence after binding Ca 2ϩ and because of its moderate K d . Calcium transients in the thin terminal dendrites were visualized using 0.5 mM Fluo3, 100 ms integration time, and a back-thinned Quantix (Beeston, UK) CCD camera.
Photolysis of caged glutamate. As described previously (Tang, 2006) , the 351-364 nm output of an argon ion laser (2017; Spectra-Physics, Mountain View, CA) was launched into a 25-m-diameter quartz optical fiber. A relay lens system and a dichroic mirror were used to project the exit end of the optical fiber onto a conjugate of the field diaphragm plane along the epifluorescence path of the microscope. This method creates a spot 3-10 m in diameter, encompassing a small number of synapses, with an intensity of 1-20 mW at the end of the fiber. The thinness of hippocampal slice cultures facilitates the present experiments by reducing UV scattering compared with acute tissue slices. The longwavelength fluorescent dye Alexa 568 (100 M; Molecular Probes, Eugene, OR) was included in the recording pipettes to allow visualization of the fine terminal branches without inadvertent photolysis of the caged glutamate [500 M Nmoc-Glu (N-(o-nitromandelyl)oxycarbonyl-Lglutamic acid) or N- (Kao, 2006) . The amount of photoreleased glutamate was controlled by varying the UV laser pulse duration with a shutter (NM Laser Products, Sunnyvale, CA). Terminal dendritic segments arising either from the distal apical tuft or oblique branches were studied, with the light targeted at a point in the middle of the dendrite.
Quantitative real-time PCR. The CA1 region was subdissected from whole hippocampal slice cultures in ice-cold culture medium, and 10 CA1 segments were pooled on dry ice for each sample. Three such pooled samples were collected for each time point. Samples were stored at Ϫ80°C until further use. RNA was isolated from each sample using TRIzol (Invitrogen, Carlsbad, CA), according to the manufacturer's protocol. Briefly, samples were homogenized in TRIzol, and total RNA was precipitated overnight at Ϫ20°C. The RNA was then pelleted via centrifugation at 12,000 ϫ g for 15 min at 4°C, washed with 1 ml of 70% ethanol, and stored at Ϫ80°C until use.
Reverse transcription and real-time PCRs (RT-PCRs) were performed using TaqMan reverse transcription and Universal PCR kits (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. For reverse transcription, the total reaction volume was 20 l and contained the following: 2 l of 10ϫ TaqMan RT buffer, 4.4 l of 25 mM MgCl 2 , 4 l of deoxynucleotide triphosphate mixture, 1 l of random hexamers, 0.4 l of RNase inhibitor, 0.5 l of MultiScribe reverse transcriptase, and 0.5 g of total RNA. PCRs were run on a thermal cycler set to 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min. For the RT-PCR, the total reaction volume was 30 l and contained the following: 15 l of 2ϫ TaqMan Universal PCR Master Mix (No AmpErase UNG), 1.5 l of TaqMan Gene Expression Assay Mix [20ϫ mixture of PCR primers and FAM (6-carboxy-fluorescein) dye-labeled TaqMan probe], and 6 l of cDNA. Primers were selected from the Applied Biosystems library and were designed to span the exon boundary and eliminate genomic DNA contamination. Reactions were run for small-conductance calciumactivated potassium channel 2 (SK2) [assay identification number (ID), Rn00570910_m1] and 18S ribosomal RNA (rRNA; assay ID, Hs99999901_s1), as the reference gene, on an MJ Research (Boston, MA) Opticon Monitor set to the following: 95°C for 10 min and 40 cycles of denaturing (95°C for 15 s) and annealing/extending (60°C for 1 min).
PCR efficiencies and cycle threshold (Ct) were calculated using serial dilutions (1:1, 1:3, 1:10, 1:30, and 1:100) of pooled control cDNA samples (standards). Cycle threshold was determined by finding the best-fit line from the diluted samples (fit point method). The MJ Research Opticon Monitor analysis software was used to obtain Ct values for each sample. The Ct values of standards were plotted against the relative mRNA abundance for each sample (500 ng ϫ 2% ϫ dilution factor). The resultant standard curve was used to calculate the relative mRNA abundance for SK2 and 18S rRNA in each sample. The results were normalized to the reference gene, 18S rRNA, and are reported as a ratio of mRNA abundance (SK2/18S rRNA). Values were compared with an unpaired t test.
Western blotting. The CA1 region was subdissected from 10 hippocampal slice cultures in ice-cold culture medium, 10 CA1 regions were pooled into one sample, and samples were sonicated in ice-cold radioimmunoprecipitation assay buffer (150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Na deoxycholate, 50 mM Tris-HCl, 1:1000 protease inhibitor cocktail, and 0.2% ␤-mercaptoethanol). As a control for antibody specificity, we also prepared whole-brain homogenates from homozygous SK2 knock-out mice (Bond et al., 2004) and wild-type littermates. Total protein analysis was completed on the supernatant of each sample using the Coomassie protein assay kit according to the manufacturer's protocol (Pierce Biotechnology, Rockford, IL). Each sample, containing 17 g of protein, 1ϫ sample buffer, and 1ϫ reducing agent, was loaded into Nu-PAGE 4 -12% Bis-Tris gels and run in 1ϫ NuPAGE MES SDS running buffer containing 0.25% antioxidant (Invitrogen). The gel was transferred onto a polyvinylidene difluoride membrane in 1ϫ NuPAGE trans-fer buffer (containing 10% methanol and 1% antioxidant) (Invitrogen). The membrane was blocked overnight at 4°C with 5% nonfat dry milk in buffer containing 1 M Tris-buffered saline and 0.05% Tween (TBSTween). The membrane was then probed with 2 g/ml SK2 antibody (courtesy of J. Adelman, Vollum Institute, Portland, OR) for 1 h at room temperature. After washing the membrane in TBS-Tween, a horseradish peroxidase-conjugated secondary goat anti-rabbit IgG (Cell Signaling Technology, Danvers, MA) was applied at 1:10,000 for 1 h at room temperature. The immunoblot was developed with Pico or Femto chemiluminescent substrate (Pierce Biotechnology). SK2 was detected as a band of 49 kDa in tissue from whole mouse brains and 46 kDa in slice culture tissue. The membrane was stripped in 1ϫ mild antibody stripping solution (Millipore, Billerica, MA), blocked at room temperature for 1 h, and reprobed with a ␤-actin antibody (1:1000; Cell Signaling Technology) overnight at 4°C. After incubation in 1:10,000 horseradish peroxidaseconjugated goat anti-rabbit IgG (Cell Signaling Technology) for 1 h at room temperature, the expression of ␤-actin was detected using Pico or Femto chemiluminescent substrate (Pierce Biotechnology). Gels were photographed and analyzed using NIH Image software. Data are presented as a ratio of the expression of SK2 to the expression of ␤-actin.
Results
Most excitatory inputs to CA1 pyramidal neurons come from the CA3 region via the Schaffer collateral pathway and from the entorhinal cortex via the temporoammonic pathway. We transected both the Schaffer collateral and temporoammonic pathways in hippocampal slice cultures after 14 d in vitro with cuts extending from the perimeter of the culture to the hippocampal fissure at each end of area CA1 (Fig. 1 A) . Unlesioned sister cultures served as age-matched controls. Fluorescence imaging of dye-filled pyramidal neurons within the isolated CA1 region revealed a substantial decrease in the number of dendritic spines after 7 d (data not shown), as quantified previously (McKinney et al., 1999) , providing positive evidence of partial deafferentation. Preliminary studies were performed to examine the behavior of the residual synapses and the chronic partially deafferented CA1 neurons to local electrical stimulation. Rather than the expected global decrease in electrical excitability, we observed a prolongation of synaptic potentials elicited with brief high-frequency stimulus trains in a number of cells. This prompted us to design specific experiments that could determine whether deafferentation alters excitability by causing a change in presynaptic network mechanisms or intrinsic postsynaptic mechanisms. More specifically, we asked whether excitatory or inhibitory transmission, intrinsic voltage-and Ca 2ϩ -gated channels, or transmitter-gated channels were affected after Schaffer collateral and temporoammonic pathway transection.
Partial deafferentation leads to abnormal prolongation of EPSPs
To isolate EPSPs from inhibitory potentials, potassium fluoride was added to the internal pipette solution to block GABA A receptors in the recorded cell (Smirnov et al., 1999) . Current-clamp recordings were obtained from CA1 cells while the cells were synaptically stimulated via extracellular electrodes placed in the distal stratum (str.) radiatum of area CA1 within 20 m of a distal dendrite of the cell. Under these conditions, a single electrical stimulus evoked EPSPs whose durations were not significantly different between CA1 cells in control and lesioned slices ( Fig.  1 B, Table 1 ). In contrast, EPSPs evoked by a train of five electrical stimuli given at 50 -100 Hz were significantly prolonged in cells that had been partially deafferented 7-10 d earlier ( Fig. 1 B, Table  1 ). EPSP amplitudes, in contrast, were not different in the lesioned cells compared with control cells for either a single stimulus or a train of five stimuli (Table 1) . Chronic partial deafferentation thus leads to an alteration in the excitability of cells in area CA1 that is characterized by a selective prolongation of responses elicited with strong, tetanic stimulation.
Partial deafferentation leads to prolonged dendritic plateau depolarization
The prolongation of tetanus-induced EPSPs in lesioned slices could be caused by a change in presynaptic network-based mechanisms or intrinsic postsynaptic mechanisms. This question was addressed by using focal laser photolysis of caged glutamate. Photorelease of exogenous glutamate allows glutamate receptors on dendrites to be activated directly, thereby avoiding contributions of presynaptic or other network-mediated mechanisms. Brief pulses of UV light were directed onto individual terminal dendritic segments that were spatially well isolated from neighboring branches, as described previously (Wei et al., 2001) . The strength of direct dendritic stimulation was varied by changing the duration of the laser pulse. In response to brief (2 ms), low-intensity (1 mW within a 5-m-diameter spot) laser pulses, small depolarizations [photolysis-induced EPSPs (ph-EPSPs)] resembling unitary EPSPs were elicited in both control and partially deafferented dendrites (Fig. 2) . These ph-EPSPs were subthreshold for initiation of plateau potentials (Wei et al., 2001; Cai et al., 2004) . We observed no significant difference in the peak ph-EPSP am- plitudes in control and deafferented cells (Table 2) . Their decay time constants were also not significantly different (Table 2) .
Stronger photostimulation, in contrast, revealed a striking difference in the responses from control and deafferented cells. We have shown previously that strong dendritic stimulation, produced by brief high-frequency tetani for synaptic stimulation or by longer-duration laser pulses for photostimulation, elicits plateau potentials in terminal dendrites of CA1 pyramidal cells (Wei et al., 2001; Cai et al., 2004) . The duration of these plateau potentials in normally innervated neurons increases only slightly as the photostimulation intensity is progressively increased (Wei et al., 2001) (Fig. 2, top) . In partially deafferented cells, in contrast, we found that increasing strength of stimuli resulted in plateau potentials with significantly prolonged durations, up to threefold greater (Fig. 2 , middle) ( p Ͻ 0.001; mixed two-way ANOVA with Greenhouse-Geiser correction on repeated factor). Post hoc analyses indicated that the differences in duration were only significant for laser pulse durations Ն10 ms (Bonferroni correction). Pooled data are shown in Figure 2 (bottom). Plateau potential amplitudes, in contrast, were not different in lesioned and unlesioned cultures (8.9 Ϯ 0.5 mV in control vs 8.4 Ϯ 0.3 mV after deafferentation; n ϭ 23 each with 20 ms laser pulse duration; p Ͼ 0.05; unpaired t test).
NMDA receptors are normally activated by strong stimuli and are important for the triggering of dendritic plateau potentials (Wei et al., 2001) . Conceivably, the increased duration of tetanusevoked EPSPs and plateau potentials in deafferented cells could be caused by changes in the number or kinetics of NMDA receptors. NMDA receptor function was therefore assayed by eliciting photolytic responses to brief laser pulses (2 ms) at Ϫ70 mV in nominally Mg 2ϩ -free saline containing 20 M DNQX. The amplitude and decay time constant of these NMDA responses were statistically identical in control and lesioned cultures (Table 2) . We could thus detect no evidence of significant changes in the number or kinetics of NMDA receptors expressed on distal dendrites after partial deafferentation.
In summary, responses elicited from distal dendrites of lesioned cells using either tetanic synaptic stimulation or strong direct glutamatergic stimulation were markedly prolonged, compared with unlesioned cells. Responses elicited with weak stimulation, in contrast, were the same. Because direct dendritic stimulation with photoreleased glutamate bypasses presynaptic mechanisms, we conclude that a change in postsynaptic excitability alone is sufficient for the expression of deafferentation- 
Figure 2. Prolongation of dendritic plateau potentials after partial deafferentation. A, B,
Responses elicited by microphotolysis of caged glutamate onto a distal dendrite of a control (A) and a deafferented (B) CA1 pyramidal neuron using a series of laser pulses of increasing duration. Note the marked increase in the duration of the responses after deafferentation. V m ϭ Ϫ70 mV. C, Summary plot of the relationship between the strength of photostimulation, as determined by the duration of the laser pulse, and the duration of the depolarizing response, measured at the half-maximal amplitude, in normally innervated (F) and chronically deafferented (E) cells. The lines were drawn by eye. Error barsindicate SEM. -free saline in the presence of 20 M DNQX (ph-NMDA-EPSP). There were no statistically significant differences between lesioned and unlesioned cultures for any response.
induced prolongation of synaptic responses. In addition, the absence of differences in the amplitude of ph-EPSPs or synaptic EPSPs, when elicited with weak stimulation, in lesioned and unlesioned cells makes it unlikely that partial deafferentation caused a substantial increase in the expression of glutamate receptors. Furthermore, because the duration of these EPSPs and ph-EPSPs was not significantly different in deafferented and normally innervated neurons, it is unlikely that chronic deafferentation induced a change in the kinetics of synaptic glutamate receptors or the passive electronic properties of the dendrites themselves. We next considered the possibility that modifications of intrinsic conductances rather than glutamate receptors may be the principal mechanism responsible for the deafferentation-induced changes in dendritic excitability.
Role of Ca
2؉ -activated SK-type K ؉ channels We have reported previously that a major contributor to the repolarization of dendritic plateau potentials is the apaminsensitive SK-type Ca 2ϩ -activated K ϩ channel (Cai et al., 2004) . Selective blockade of these channels prolongs responses to strong photostimulation (Cai et al., 2004) . Thus, one possible mechanism for the aberrant excitability after chronic partial deafferentation is a downregulation of SK channel function. If this is the case, then there are three predictions. First, the ability of apamin to prolong the duration of the dendritic response to strong synaptic or photolytic stimulation should be occluded after partial deafferentation, because apamin and chronic partial deafferentation would act through a shared molecular mechanism. Second, high concentrations of tetraethylammonium (TEA; 10 mM), which also blocks SK channels (Storm, 1989; Cai et al., 2004) , should behave qualitatively like apamin. Third, intracellular dialysis of the Ca 2ϩ chelator BAPTA from the recording pipette solution, which prolongs plateau potentials in normally innervated cells by preventing activation of SK channels (Cai et al., 2004) , should be less effective in deafferented cells.
To test these predictions, extracellular stimulating electrodes placed near the distal dendrites of recorded cells, as described above, were used to evoke EPSPs and plateau potentials. In unlesioned cells, bath-applied apamin (200 nM) increased the duration of responses elicited with trains of five stimuli at 50 -100 Hz by 86 Ϯ 34% ( p Ͻ 0.05; paired t test; n ϭ 6 cells) (Fig. 3A, top  traces) . This indicates that the train of five pulses was sufficiently strong to activate SK channels on the distal dendrite in control neurons (Ngo-Anh et al., 2005) and that their blockade can mimic the EPSP prolongation observed in partially deafferented cells. In contrast, apamin produced no significant effect on the duration of responses elicited with five stimuli in partially deafferented cells (Fig. 3B, top traces) [mean change in duration ϭ 8 Ϯ 14%; p Ͼ 0.05; paired t test; n ϭ 8 cells (Fig. 3C) ]. This observation confirms the first prediction that partial deafferentation will occlude the action of apamin on EPSP duration after strong stimulation. Apamin had no significant effects on the amplitude or duration of EPSPs evoked with a single electrical stimulus in either control or partially deafferented cells (Fig. 3A-C) . Next, the prediction that high concentrations of TEA would mimic the actions of apamin on plateau potentials elicited with photostimulation in control cells, but be occluded in deafferented cells, was tested and confirmed. Plateau potential duration is prolonged 2.75-fold by 10 mM TEA in control cells (Cai et al., 2004) , but TEA had no significant effect on plateau potential duration in deafferented cells (13 Ϯ 11%; n ϭ 10 cells; paired t test). Finally, plateau potential duration is prolonged 2.9-fold in control cells after 30 min of recording with pipettes containing 10 mM BAPTA (Cai et al., 2004) but only 35 Ϯ 19% in deafferented cells (n ϭ 6 cells). Ca 2ϩ -activated K ϩ current carried by SK channels contributes to the so-called medium-duration afterhyperpolarization (mAHP), which lasts for 50 -100 ms after trains of action potentials elicited with somatic depolarizing current steps (Storm, 1989; Sah and Faber, 2002; Bond et al., 2004) . To further test the hypothesis that SK channels may be downregulated in deafferented cells, we compared the maximum amplitude of the mAHP in control and deafferented neurons. There was a significant decrease in the mAHP amplitude in deafferented cells compared with normally innervated cells (8.3 Ϯ 0.9 vs 4.5 Ϯ 0.9 mV; n ϭ 24 and 21 cells, respectively; unpaired t test; p Ͻ 0.01).
Could a decrease in dendritic SK channel function underlie the decrease in action potential-evoked mAHP? We tested this hypothesis by focally applying apamin (1 M) in distal dendritic regions by pressure pulse from a patch pipette while eliciting action potentials with depolarizing current injection. We found that the mAHP after trains of 3-5 action potentials (measured as above) was reduced . Synaptic responses are prolonged after partial deafferentation resulting from downregulation of dendritic Ca 2ϩ -activated K ϩ channels. A, B, CA1 pyramidal neurons at Ϫ70 mV were stimulated either once (bottom) or five times at 50 Hz (top) before (black traces) and after (red traces) application of 200 nM apamin in unlesioned (A) or lesioned (B) sister cultures. C, Summary of the effects of apamin on excitatory synaptic potentials (as a percentage change from initial amplitude and duration) in normally innervated (white bars; n ϭ 6) and deafferented (solid bar; n ϭ 8) cells. D, Slow-AHP-mediated spike frequency accommodation of evoked action potential discharge is not altered after deafferentation. The instantaneous firing frequency of CA1 cells, determined with 1 s depolarizing current pulses of varying amplitude and normalized to action potential threshold, is shown for the first (circles) and fifth (diamonds) action potential interval for control (black; n ϭ 18) and deafferented (red; n ϭ 19) cells. Error bars indicate SEM.
significantly after local apamin application (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). We conclude that dendritic SK channels contribute to the action potential-evoked mAHP as recorded from the soma.
We next asked whether other, non-SKtype Ca 2ϩ -activated K ϩ channels were also affected by deafferentation by measuring spike frequency adaptation. Action potentials were elicited with 1 s depolarizing current steps of varying amplitude in control and deafferented CA1 cells, and their instantaneous frequency was plotted as a function of the amplitude of the current step. The increase in the interval between action potentials during maintained firing, apparent as a decrease in the instantaneous firing frequency, is attributable to activation of Ca 2ϩ -activated K ϩ channels of the so-called slow-AHP type (Madison and Nicoll, 1984) . No significant difference in the time interval between the first and second action potentials or the fifth and sixth action potentials between lesioned and control cells was observed ( Fig. 3D ), indicating that slow-AHP-type channel function was not different in control and lesioned cells. We thus conclude that the medium AHP is selectively affected by chronic partial deafferentation. Together, these data provide both direct and indirect evidence of a downregulation of SK-type Ca 2ϩ -activated K ϩ channel function after partial deafferentation and, consequently, a decreased dendritic repolarization in response to strong stimuli.
Alternative mechanisms cannot explain prolongation of dendritic response
Plateau potentials in normally innervated dendrites are blocked by the voltage-dependent Ca 2ϩ channel blocker Cd 2ϩ and the NMDA receptor antagonist D,L-2-amino-5-phosphonopentanoic acid (AP5) (Wei et al., 2001) . Could the prolonged responses in deafferented dendrites be caused by recruitment of new classes of inward currents or by aberrant spread of depolarization into neighboring dendritic compartments? Experiments were performed to test these hypotheses. As in normally innervated cells, the dendritic depolarization triggered by 10 ms photolytic laser pulses in deafferented CA1 cells was strongly reduced either by 25-50 M Cd 2ϩ (n ϭ 5 of 5 cells) or by 100 M AP5 (n ϭ 4 of 4 cells), leaving an exponentially decaying EPSP (Fig. 4A,B) . Similarly, the increased fluorescence emission of the Ca 2ϩ indicator Fluo3 triggered by Ca 2ϩ influx during the dendritic plateau potentials remained localized to a single dendritic compartment in deafferented CA1 cells, as in control cells, stopping at the first major branch point proximal to the site of photolysis (n ϭ 12 of 14 cells) or short of the branch point (n ϭ 2 of 14 cells) (Fig. 4C) . The maximal amplitude of the Fluo3 fluorescence achieved at the end of the plateau potentials was increased significantly in lesioned cells, however (control ⌬F/F ϭ 7.0 Ϯ 1.4% vs lesion ϭ 11.8 Ϯ 1.8%; n ϭ 13 and 14; p Ͻ 0.05). This result is consistent with an increase in Ca 2ϩ influx as a result of the prolongation of the responses and the increase in the time the local NMDA and voltage-dependent Ca 2ϩ channels remain open. Many forms of hyperexcitability result from decreased GABAergic synaptic inhibition, including in some models of chronic injury (Li and Prince, 2002) . Could the aberrant excitability after synaptic stimulation be attributable to decreased inhibition? The amplitude and frequency of spontaneous IPSCs were recorded from CA1 cells in saline containing 20 M DNQX and 40 M AP5. No significant difference in either the amplitude or frequency of spontaneous IPSCs was observed between lesioned and unlesioned cultures (Table  2) . Similarly, the amplitude of evoked monosynaptic IPSCs was not significantly different in lesioned and unlesioned cultures (Table 2) . We conclude that hyperexcitability after deafferentation is not accompanied by a gross decrease in synaptic inhibition.
In chronically injured neocortex, hyperexcitability is correlated with changes in neuronal input resistance and facilitation of highfrequency action potential discharge (Prince and Tseng, 1993) . Could deafferentation-induced aberrant excitability be attributable to similar changes in these intrinsic properties? Basic electrophysiological parameters and properties of action potentials evoked with somatic current injection were examined in cells from control hippocampal cultures and sister cultures lesioned 7 d earlier. No significant differences in input resistance or action potential amplitude, rise time, threshold, and latency were found (Table 3) .
Chemical deafferentation also prolongs dendritic plateau potentials
What consequence of partial deafferentation triggers changes in cellular excitability? If prolongation of plateau potentials after (Wei et al., 2001) . V m ϭ Ϫ70 mV. C, A CA1 pyramidal neuron in a lesioned culture was filled with both Alexa 568 (Alexa), for targeting photolysis to a single distal dendrite (left), and the Ca 2ϩ indicator Fluo3 (middle). The 10-m-diameter spot at which photolysis was directed is indicated by the dotted circle. The peak increase in Fluo3 emission (⌬F ) after triggering of a prolonged plateau potential (right) is limited to the dendritic compartment distal to the branch point, as in normally innervated cells (Wei et al., 2001) . The image was produced by digitally subtracting an image taken immediately before photostimulation from the image at the peak of the plateau potential-induced calcium transient. V m ϭϪ70 mV. Scale bar, 3 m. deafferentation is triggered homeostatically by a decrease in overall synaptic activity level, then blocking glutamate receptors pharmacologically (i.e., chemical deafferentation) should elicit a comparable effect. To test this hypothesis, organotypic hippocampal cultures were maintained in vitro for 14 d and then treated with a combination of AMPAR and NMDAR antagonists (40 M DNQX plus 80 M AP5). The antagonists were then washed out acutely, and responses to photostimulation were elicited. After 7 d in glutamate receptor antagonists, we observed a significant prolongation in the duration of dendritic plateau potentials in response to photolysis of caged glutamate onto distal terminal dendrites, but no significant change in their amplitude (Fig. 5A) . As in the lesioned cultures, there was also no significant change in the amplitude or duration of small subthreshold responses. There was also no difference in the nonlinear relationship between stimulation intensity and response amplitude (Fig. 5B) , indicating that the plateau potential threshold was not different after deafferentation. We also tested whether responses to synaptically released glutamate were altered after DNQX and AP5 treatment (Fig. 5C) . As in the lesioned cultures, we found that there was no significant difference in single, synaptically evoked EPSPs between control and drug-treated cultures; however, responses to a train of five synaptic stimuli at 50 -100 Hz were significantly prolonged (Table 1 ). This form of chemical deafferentation thus results in a phenotypic alteration in the electrophysiology of CA1 cell dendrites remarkably similar to that observed with physical deafferentation, suggesting that it is a decrease in the overall activity level in the cell that leads to the increase in its excitability.
We used the homogenous block of activity produced by chemical deafferentation to assay the time course of plateau potential prolongation. Responses to photolysis of caged glutamate were compared in cultures treated with DNQX and AP5, as above, and untreated controls. We observed that plateau potential duration increased progressively over 6 d after the start of treatment, becoming significant after 3 d (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
Because nerve terminals remain intact after DNQX and AP5 treatment, we could compare the mean amplitude of spontaneous miniature EPSCs (mEPSCs) in these cultures to control cultures. Whole-cell voltage-clamp recordings were made from CA1 pyramidal cells in cultures chronically treated with DNQX and AP5 for 7 d and in control sister cultures of the same age. The mean amplitude of mEPSCs in DNQX and AP5-treated cultures (13.2 Ϯ 0.3 pA; n ϭ 5) was not significantly different from that in control cultures (12.6 Ϯ 0.4 pA; n ϭ 5). Together with the comparable amplitude of small ph-EPSPs, these findings suggest that prolongation of plateau potentials can occur independently from changes in AMPA receptor expression.
SK2 mRNA and protein levels are not altered by deafferentation
The downregulation of SK-type Ca 2ϩ -activated K ϩ channel function after physical and chemical deafferentation could result from decreased SK channel expression or from posttranslational modification of existing channels. We used quantitative real-time PCR to distinguish between these possibilities. Area CA1 was isolated, and RNA was harvested from control cultures, cultures lesioned 7 d earlier, and cultures treated for 7 d with DNQX and AP5 as above. No significant differences in mRNA expression for the predominant hippocampal SK channel type, SK2 (Bond et al., 2004) , were detected (Fig. 6 A) . Similarly, Western blotting was used to compare SK2 protein levels in control and lesioned slice cultures. Using an antibody that clearly distinguishes between wild-type and SK2
Ϫ/Ϫ mouse brain tissue (Fig. 6B) , we found no significant difference in SK2 expression in cultures treated with DNQX and AP5 for 7 d or in cultures that had undergone a Schaffer collateral transection 7 d earlier, compared with control cultures (Fig. 6 C, D) . We suggest that decreased SK channel function after deafferentation and inactivity results from a posttranslational modification of the channels.
Aberrant responses in distal dendrites increase neuronal excitability
The ability of focal glutamate photostimulation to trigger a propagated action potential in a CA1 pyramidal neuron is site specific in unlesioned hippocampal slice cultures (Wei et al., 2001 ). In the absence of TTX, photostimulation of terminal apical dendrites or oblique dendrites at sufficient intensity to elicit plateau potentials almost never (n ϭ 0 of 24 and 2 of 13 dendrites, respectively) elicited action potentials in unlesioned cultures. This is consistent with the observation that even very strong electrical stimulation of the temporoammonic pathway, the main afferent to the distal apical tuft dendrites in CA1 neurons, does not readily elicit somatic action potentials (Jarsky et al., 2005) . We have shown previously that pharmacologically induced prolongation of plateau potentials facilitates action potential initiation (Cai et al., 2004) . We therefore asked whether the deafferentation-induced prolongation of plateau potentials also affected the initiation of action potentials. Indeed, 1 week after deafferentation, photostimulation at the same intensity directed onto individual terminal apical (13 of 15 CA1 dendrites) or oblique (7 of 8 dendrites) dendrites readily elicited fast action potentials (Fig. 7 A, B) . If, in contrast, the site of focal photolysis was directed at the base of the apical tuft, at which distal branches converge onto the primary apical trunk, a majority of both control (18 of 21) and deafferented (12 of 12 cells) dendrites generated either single action potentials or bursts of action potentials. The enhanced ability of strong photostimulation of distal apical dendrites to trigger action potentials can be attributed to prolongation of the plateau potential, because application of apamin (Cai et al., 2004) or 10 mM TEA (Fig. 7C) to control cells produced an identical effect. Prolongation of distal dendritic glutamate responses is thus accompanied by facilitated induction of action potential discharge.
Discussion
Approximately 1,500,000 people suffer a traumatic brain injury each year in the United States, resulting in almost 100,000 patients per year with long-term disabilities. Although the disabilities of a majority of these patients are directly related to neuronal death and loss of function, a significant subset develop conditions of aberrant neuronal excitability. The pathophysiological mechanisms responsible for neuronal hyperexcitability remain poorly The number of observations is given in parentheses. Input resistance was determined from the voltage deflection produced by 150 ms, Ϫ50 pA current pulses. Action potential parameters were determined from just suprathreshold responses to 500 ms depolarizing current pulses. Latency was determined for the smallest amplitude 500 ms depolarizing current pulse eliciting an action potential. There were no significant differences in any parameter between lesioned and unlesioned cultures.
understood. Their study has been hampered because multiple reactive processes are activated simultaneously after brain injury. In the face of this complexity, we have taken a reductionist approach and focused on one fundamental consequence of lesions that is common to many forms of traumatic brain injury: neuronal deafferentation. We developed an in vitro model of traumatic brain injury that takes advantage of the cellular organization of the hippocampus and allows for the transection of the primary afferent inputs to area CA1. Using this model, we have demonstrated that chronic partial deafferentation of CA1 cells, resulting from the transection of afferent pathways, results in (1) the delayed emergence of prolonged excitatory synaptic responses with stimulation of residual afferent fibers (Fig. 1) , (2) an increase in dendritic excitability, apparent as a marked prolongation of responses of distal dendrites to microphotolysis of caged glutamate (Fig. 2) , and (3) an increase in the likelihood that excitation of single distal dendritic branches successfully elicits fast action potentials (Fig. 7) . Hyperexcitability has been demonstrated previously with in vitro and in vivo models of decreased activity, including TTX infusion (Galvan et al., 2000) and neocortical isolation (Prince and Tseng, 1993; Nita et al., 2006) , and our observation of prolonged synaptic depolarizations are consistent with these studies. Unfortunately, the evidence of axon collateral sprouting (Salin et al., 1995) and changes in GABAergic inhibition (Prince and Tseng, 1993; Yang and Benardo, 1997; Li and Prince, 2002) in these models renders the distinction between presynaptic and postsynaptic mechanisms difficult.
We found that the effects of Schaffer collateral transection were mimicked by blocking SK channels acutely in control slices. Because the aberrant dendritic behavior in lesioned slices occluded the effects of SK channel blockers, and because the medium AHP was reduced in lesioned slices, we suggest that downregulation of SK-type Ca 2ϩ -activated K ϩ channel function plays an important role in the expression of aberrant excitability of distal dendrites after chronic partial deafferentation. This process is relatively slow, taking approximately 1 week to become apparent. We found that decreased SK channel function was not accompanied by a change in the level of protein or mRNA of the predominant hippocampal SK channel isoform, SK2 (Bond et al., 2004) . We suggest, therefore, that the function of dendritic SK2 channels is decreased after deafferentation as a result of some posttranslational modification. An attractive hypothesis is that the phosphorylation of calmodulin, the Ca 2ϩ sensor for SK channel activation, by the kinase casein kinase 2 has increased as a result of the deafferentation or block of synaptic activity, resulting in a decrease in its affinity for Ca 2ϩ and, thereby, a decrease in the probability of SK channel opening after a plateau potential (Bildl et al., 2004) . Alternatively, changes in SK2 channel phos- , as a function of UV flash duration. No differences were apparent, indicating that the plateau potential threshold is not affected by chronic inactivity (n ϭ 6 control and 7 treated dendrites). C, Responses of CA1 cells to one stimulus or five stimuli at 50 Hz delivered locally within distal str. radiatum in a control culture (left) and a culture pretreated with DNQX and AP5 for 7 d. D, Summary graph showing that response durations (at half-maximal amplitude) in control cultures (white bars) and cultures treated with DNQX and AP5 for 7 d (black bars) were prolonged significantly (unpaired t test; n ϭ 7-33 dendrites; *p Ͻ 0.05; **p Ͻ 0.01) when elicited with either photolysis (left) or five synaptic stimuli (right). There were no significant differences in response amplitude (unpaired t tests). The prolongation of both types of response is comparable with that seen in deafferented CA1 cells (compare Figs. 1, 2) . Error bars indicate SEM.
phorylation by cAMP-dependent protein kinase may affect its targeting to the plasma membrane (Ren et al., 2006) .
Our data do not permit a precise quantitative determination of the role of SK channel downregulation in the increased excitability after chronic inactivity. The prolongation of plateau potentials observed after acute block of SK channels in control cultures ranges from 1.9-to 2.9-fold, depending on the blocker used and the way in which the plateau potentials were evoked. This range is comparable with the prolongation of plateau potentials after deafferentation or DNQX/AP5 treatment (2.1-to 4.2-fold compared with plateau potentials in control cells). Although SK channel downregulation thus appears to be a major factor, a single pathophysiological mechanism is more often the exception than the rule in pathologic processes. Additional investigations should include an examination of deafferentation-induced changes in voltage-dependent Ca 2ϩ channels, h-channel expression, and glutamate transporter function. Although the absence of a change in the decay time constants for either ph-EPSPs in response to weak photostimuli or single-stimulus synaptic EPSPs (Tables 1, 2) suggest that glutamate clearance is not affected by deafferentation, it is possible that impaired glutamate clearance becomes apparent only when glutamate accumulation is high and transporters become saturated.
Distal dendrites as a site of expression for reactive hyperexcitability
Focal photorelease of glutamate onto dendritic domains of Ͻ10 m has allowed us to localize the site of this intrinsic, reactive hyperexcitability. Plateau-like prolonged dendritic depolarization was readily triggered from, and mostly confined to, terminal dendritic compartments, providing evidence that the excitability of terminal dendrites can be specifically regulated in a homeostatic, but ultimately pathological, manner. Although the SK channel-mediated medium AHP was reduced, current injection at the soma failed to reveal any other significant differences between normally innervated and partially deafferented CA1 cells in action potential kinetics or threshold or in the frequencycurrent relationship of the cells. We have observed that dendritic stimulation was more likely to elicit fast action potentials after prolongation of plateau potentials with either SK channel blockers (Cai et al., 2004) or chronic deafferentation (Fig. 7) . In normal pyramidal neurons, action potential initiation can occur in the dendrites, albeit at a higher threshold than at the soma and axon hillock (Golding and Spruston, 1998) . The most straightforward explanation for the facilitation of action potential generation with direct dendritic stimulation after deafferentation is that prolongation of dendritic plateau potentials lowers the threshold for dendritic initiation of action potentials.
Neurons possess numerous plastic mechanisms that can compensate for changes in basal excitation. Neurons can upregulate the number and kinetics of their glutamate receptors. For example, when dissociated cultured neurons experience decreased glutamatergic excitation, the expression of NMDA and AMPA receptors can be upregulated (Furshpan and Potter, 1989; Williams et al., 1992; Turrigiano et al., 1998) , but only if the cultures are at appropriate developmental age (Wierenga et al., 2006) . Neurons can also modulate their intrinsic excitability. For example, when cultured cortical neurons are grown in TTX to eliminate sodium action potentials, the expression of sodium channels is upregulated, and the expression of potassium channels is downregulated (Desai et al., 1999) . These previous studies were performed in young dissociated neuronal cultures, whereas the present experiments were performed in mature organotypic hippocampal slice cultures. Under these conditions, the dominant homeostatic reaction is a change in the intrinsic excitability of distal dendrites rather than a change in the expression of glutamate receptors.
There is evidence that the density of intrinsic conductances and glutamate receptors can be regulated independently at different dendritic locations (Hoffman et al., 1997; Andrasfalvy and Magee, 2001) . The absence of changes in either the frequency or characteristics of action potentials elicited with depolarizing current injection at the soma suggests that the homeostatic response to deafferentation in our model is specifically confined to the distal dendritic branches that are the dominant site of afferent innervation (Bannister and Larkman, 1995) . Interestingly, some antiepileptic drugs act by modulating intrinsic ion channels concentrated in dendrites (Poolos et al., 2002) . Perhaps greater attention to compounds that specifically target dendritic channels may yield therapeutic agents that can more effectively treat hyperexcitable neurological disorders resulting from injury and deafferentation.
Neural plasticity as a cause of disease
Neural plasticity is generally viewed as an adaptive process that optimizes neuronal function. The prolongation of dendritic plateau potentials described here can be viewed as a logical homeostatic cellular response, serving to amplify diminished remaining excitatory inputs. However, compensation for decreased synaptic input with a progressively increased gain in intrinsic excitability leads to maladaptive hyperexcitability. Neuronal excitability apparently becomes "brittle" if there is sufficient deafferentation. That is, a point is reached at which a small perturbation in an input signal results in unstable output signals. Such maladaptive responses to deafferentation might contribute to several CNS diseases, including posttraumatic epilepsy, spasticity, and central pain syndrome. Like the aberrant dendritic responses described here, the manifestation of hyperexcitability in these conditions occurs well after the initial insult (Majkowski, 1990; Ramachandran, 2005) . A better understanding of the mechanisms underlying deafferentation-induced plasticity may provide insights for the treatment and prevention of these reactive hyperexcitable conditions.
